ABSTRACT By using immunoperoxidase cytochemistry at the light and electron microscopic level, microtubles were visualized in a number of "normal" nontumorigenic and transformed tumorigenic cell lines. A well-defined cytoplasmic microtubule complex exists in both normal and transformed interphase cells. The distribution of this complex closely correlates with the cell shape and the degree of cell spreading. Our data support the idea that these properties determine the pattern of the cytoplasmic microtubule complex, rather than the reverse.
the microtubules were poorly resolved at the light microscopic level. The results suggest that microtubule assembly and structure are unaltered in transformed cells. However, this conclusion does not exclude the possibility that some of the microtubules' functions might be impaired in a yet-unknown way. Microtubules (MT), microfilaments (MF), and intermediate filaments play an important role in many cell functions. Recently, it has been suggested that fibrillar submembraneous structures, like MT and MF, interact with cell surface components (for reviews and references, see refs. 1-3) to provide a complex, called the surface-modulating assembly (3) . This assembly is assumed to control in a "pleiotypic" manner (4, 5) such diverse cellular properties as growth, shape, and interactions (3, 6) , which are often impaired in transformed cells.
With the development of antibodies to tubulin, actin, myosin, filamin, and associated proteins (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) , immunofluorescence methods have allowed rapid progress in the structural and functional analysis of MT and MF. Results obtained with these techniques have led to the claim that cell transformation is accompanied by striking alterations of both the cytoplasmic microtubule complex (CMTC) (8, 10, 11, 16, 17) and the thick actin cables (10, 13, 15) . According to these results, the CMTC is sparser in transformed cells, and has an altered pattern, going from a highly disorganized and "fluffy" CMTC to a more diffuse staining with essential absence of a CMTC (8, 10, 11, 16, 17) . This is accompanied by a more diffuse staining pattern of the actin stress fibers (10, 13, 15) . It has therefore been suggested that, in transformed cells, some stage of the in tvvo MT and/or MF bundle assembly is impaired.
In previous papers, we described the application of the unlabeled peroxidase-antiperoxidase (PAP) method to the visualization of the CMTC by light and electron microscopy, after fixation with glutaraldehyde and mild acetone treatment (19) (20) (21) . This fixation procedure allows a finer resolution of the CMTC than after formaldehyde fixation (which is not a good fixative for ultrastructural studies on MT (20, 22) , followed by acetone treatment and subsequent air drying (19, 20) .
We used this improved fixation technique, with either the PAP method or indirect immunofluorescence, to study different transformed and normal cell lines, mainly at the light microscopic level. In contrast with the findings of some investigators (8, 10, 11, 16, 17) but in agreement with some recent reports (23) (24) (25) , we find a well-defined MT network in almost all interphase cells of the different lines. In addition, we reach the conclusion that the CMTC distribution in both normal and transformed cell lines closely correlates with the cell shape and the degree of cell spreading of the cell lines investigated, rather than with their normal or transformed phenotype.
The results do not support the hypotheses of an altered structure and/or abnormal in vivo assembly of MT in transformed cells. They leave, however, the possibility that in such cells, some functions are impaired, in a yet-unknown way.
MATERIAL AND METHODS Cell Lines. MO: nontransformed C3H mouse embryonal epitheloid cell line (26, 27) . MO4 and MOp: derived from MO by transformation with Kirsten murine sarcoma virus (27) . NS: nontransformed human embryonic fibroblasts. RM: epitheloid nontransformed rat cell line derived from a peritoneal washing. B16: mouse melanoma cell line derived from a subcutaneous tumor. N4: mouse neuroblastoma cell line from the C 1300 transplantable tumor, orginated in A/J mice. HeLa and L 929 are well-known malignant cell lines. C6: rat glioma cell line (a gift from H. Schmitt). The cells were cultured in Eagle's minimal essential medium supplemented with non-essential amino acids and 10% fetal calf serum at 360 in water saturated with 10% C02/air.
Immunocytochemistry. Cells were grown on coverslips and used either one or three days after plating. Fixation of the cells, staining with the PAP method, and specificity controls were essentially the same as described in refs. 19 and 21. Affinity-purified tubulin antibody concentrations ranged from 5 to 50 ,ug/ml. For immunofluorescence, the same fixation procedure was used, but antibody concentrations ranged from 25 to 100 jsg/ml. MO4 cells, stained with the PAP method, were processed for electron microscopy, essentially as described by De Brabander et al. (20, 21) . The preparation and characteristics of the anti-rat brain tubulin antibodies have already been described (19) . Antibody solution II was used throughout this work ( Two extreme patterns can be encountered: (i) The first one, which we designate type I, has until now been referred to as characteristic of normal cells (7, 8, 10) . It is observed in all well-spread cytoplasmic regions, and consists of thin stained threads, radiating from one or more focal points along the main cell axes, and distributed in the horizontal plane (Fig. 1 a, b , and c). (it) The second pattern, which we call type II, is found in small or poorly spread cells, but it also occurs in the thicker, perinuclear region of otherwise thinner cells (Fig. 1 a, b, d , e, f). This type II CMTC pattern is essentially tridimensional and always consists of closely packed MT. The labeled threads run in all possible directions and are frequently bent, notably turning around the nucleus. Spindle-shaped, bipolar cells (the majority of N4 and L 929 cefls and many of the M046 MOP, B16, and C6 cells) show some preferential orientation along the cell axes ( Fig. 1 e and f) (Fig. la) .
Immunofluorescence staining gave almost identical results as the PAP method, as illustrated for C6 rat glioma cells (Fig.  2) . With both techniques, clear pictures of the type II CMTC often proved difficult to obtain due to the close packing of MT and the thickness of the cells in which they occur.
MO4 cells stained with the PAP method were also processed for ultrastructural observations. Highly stained but thick cells, which showed very poorly resolved CMTC with the light microscope, were selected for electron microscopical analysis. Typical, well-resolved MT could be visualized in thin sections, but they could be followed only over short distances (Fig. 3) .
Thus electron microscopical studies suggest that a type II pattern at the light microscopical level is produced by the superposition of thin type I MT threads over a thick cell depth. transformed cell lines and their "normal" parents (8, 10, 11, 13, (15) (16) (17) [23] [24] [25] and those of other investigators (8, 10, 11, 16, That transformed cells contain a well-developed CMTC is also indicated by the alterations produced by anti-microtubular drugs in directional cell locomotion and in localization and movement of cell organelles (25, 26, 31) . Recent investigations with inhibitors on the role of MT and MF in the anchorage modulation of concanavalin A receptors failed to demonstrate a role for MT, but suggested actin-myosin structural differences between normal and transformed cells (15, 32) . However, a recent report (33) has pointed out the pitfals in the interpretation of fluorescence procedures, if used without ultrastructural controls, in order to establish differences in MF bundles between normal and transformed cells (10, 13, 15, 32) .
There remain, however, numerous arguments that indicate an important role for submembraneous fibrillar structures in regulating a number of intracellular processes. Experimental evidence show that MT and MF participate, with membrane receptors, in a complex called the surface-modulating assembly (3, 6) . The hypothesis of a causal relationship between altered surface modulation, as judged from inhibition of receptor mobility, and cellular transformation has been strengthened by the use of cells transformed by temperature-sensitive mutants of oncogenic viruses (refs. 10, 16 ). Yet, the use of unfavorable cytological techniques weakens the validity of the differences in MT and MF patterns described in these papers.
Obviously, the regulatory function of the surface-modulating assembly could be impaired in many ways and at many levels: it could be altered in its components themselves, or in their relationship, or in the relay system between the cell surface on one hand and the cytoplasm, organelles, and nucleus on the other. Note Added in Proof. While this paper was in press, similar findings were presented by Osborn and Weber, who used an improved immunofluorescence procedure (34) .
